Abstract: Enstrophy in a fluid relates to the dissipation tendency in a fluid that has use in studying turbulent flows. It also corresponds to vorticity as kinetic energy does to velocity. Earlier work showed that the Integrated Regional Enstrophy (IRE) was related to the sum of the positive Lypunov Exponents. Lyapunov Exponents are the characteristic exponent(s) of a dynamic system or a measure of the divergence or convergence of system trajectories that are initially close.
Introduction
Blocking was described by [1] as a meridional perturbation that destabilizes the zonal flow. The study of [1] derived a quantity called Integrated Regional Enstrophy (IRE) which can be used as a measure for change in the zonal flow that may indicate blocking. IRE conjectures that the blocking domain sum of the flow enstrophy is related to the sum of the positive eigenvalues of the linearization operator of the barotropic voricity equation [2, 3] . As such, IRE can also be regarded as a flow stability indicator [2, 3] . The work of [2] demonstrated for three case studies of Southern Hemisphere blocking, that IRE increased locally with the decay of each blocking event, and was relatively low during the maintenance period. This study and those of [4] and [5] suggest blocking does not survive the transition of large-scale flow regimes. The work of [2] examined more than 100 cases of northern hemisphere blocking over a three year period and found that local increases in IRE can be associated with the onset of termination of blocking.
Later this quantity was used to examine the dynamics of the blocking episode associated with the Russian Heat Wave and drought of summer 2010 [6] . The blocking episode involved four individual case studies of strong and persistent blocking from 1 May to 16 August, 2010 over Russia and Eastern Europe which contributed to the drought conditions [2, 7] . The onset and decay of each blocking case with local maxima in the IRE as was shown by [2] and [3] , and then later by [8] , seemed to indicate this quantity was a reliable indicator of blocking. Then [9] examined a persistent and strong Pacific Region case during January and February 2014, and demonstrated this event survived the transition between on phase and another in the Pacific North American (PNA) pattern.
Enstrophy in a geophysical fluid relates to the dissipation tendency, and this quantity has use in studying turbulent flows as show by the studies cited above. Entsrophy is a quantity also corresponds to vorticity as kinetic energy does to velocity. Many studies have shown IRE is related to the sum of the positive Lypunov Exponents, or flow stability. Lyapunov Exponents are the characteristic exponent(s) of a dynamic system or a measure of the divergence or convergence of system trajectories that are initially close. Although relatively high values of IRE derived from an atmospheric flow field in the study of atmospheric blocking was identified with the onset or demise of blocking events, IRE can also be associated with transitions of the large-scale flow in general. Kolmogorov (Kolmogorov-Sinai) Entropy (abbreviated here as KolE) also known as metric entropy is related to the sum of the positive Lyapunov Exponents as well. This quantity can be thought of as a measure of predictability (higher values less predictability) and will be non-zero for a chaotic system, and we'll demonstrate that KolE and IRE are related. Other investigators (e.g. [10] ) have used KolE to study the stability and predictability found in atmospheric flows.
The block intensity (BI) is a quantity first proposed by [11] which is calculated as the mean lifetime value of the daily normalized central height values of the event. The normalization is proportional to the upstream and downstream height gradients, and [12] standardized the estimate of the gradients. They [12] also demonstrated that BI increased nearly linearly with increases in the upstream and downstream height gradient, and thus had use as a flow regime blocking diagnostic. The goal of this work is to demonstrate that IRE, KolE, and BI all show similar behavior over the lifetime of a blocking event and can be through of as measures of predictability. Section 2 will describe the data and methods used. Section three will show the analysis, and section four will highlight the main conclusions of this work.
Data and Methods

Data
In order to meet our objective, the National Centers for Environmental Prediction / National Center for Atmospheric Research (NCEP/NCAR) re-analyses [13] , archived at the NCAR research facilities in Boulder, CO (http://www.esrl.noaa.gov/psd/data/reanalysis/reanalysis.shtml) can be used which provide for large-scale meteorological data at various resolutions from 1° x 1° to 2.5° x 2.5° latitude-longitude grids. We will use the 500 hPa height data (m) at 1200 UTC each day, since these contain the most observational data.
Methods
In this paper, we use the work of [1] , who postulated that if the atmosphere is barotropic, the positive Lyapunov Exponent(s) in the atmosphere can be expressed as the area integrated regional enstrophy (IRE): (1) where λi is the ith lyapunov greater than zero in a dynamic system, ζ is the vorticity, or the curl of the wind vector and the quantity squared is called enstrophy, which is the dissipation tendency of a fluid. Many studies ( [2, 3, [6] [7] [8] [9] ), demonstrated the utility of this quantity in identifying the onset and termination of atmospheric blocking and flow regime transformation.
As a positive Lyapunov Exponent, this quantity relates to predictability and can also be related to the production of system information, e.g. KolE (Kolmogorov-Sinai Entropy / or metric entropy) (e.g. [14, 15] ). The larger the IRE, the less predictable the atmosphere, as trajectories of two initial conditions would diverge rapidly. Also, relatively low (high) values of IRE derived from atmospheric flows correspond to more stable (transitioning) large-scale flow a greater (lesser) degree of predictability and KolE. The transition is least predictable and should be associated with higher IRE and KolE. The expression for KolE is:
where σi are the positive Lyapunov Exponents. This value was calculated using a R-program calculate "correlation entropy" which is a lower bound of the KolE [14] . Thus, it is trivial to demonstrate that KolE can be represented in terms of Equation (1) to get:
The blocking event studied here onset at 0000 UTC 23 January, 2014, and terminated at 0000 16 February, 2014, and was studied in [9] . This event and all events since July, 1968 can be found at the University of Missouri Blocking Archive (http://weather.missouri.edu/gcc). During the block lifetime, the block intensity was calculated daily for this event at 1200 UTC from onset to termination following [12] , and the formula for intensity is given by Equation (4):
where Zm is the central height value (m) and RC the mean contour representing the upstream and downstream gradients;
where Zu and Zd are the lowest (trough axis) heights upstream and downstream of the block. Thus, the normalization value represents a one-pass Shapiro-type filter [16] on the wave length or large scale component of the flow. Thus, BI can be thought of as the relative strength of the synoptic-scale component of the flow, which will be demonstrated below. The mean BI for the Northern (Southern) Hemisphere since 1970 is 3.04 (2.80), and the distribution of BI is Gaussian [11] , [12] . These works define a strong (weak) blocking event as an event that is one standard deviation greater (less) than these values.
Results-Blocking Case Study
The blocking event examined here occurred during 23 January to 16 February 2014 and was located over the Eastern Pacific near the Gulf of Alaska and near the West Coast of North America (130 o W). This event formed out of a very long-lived ridge over the same area. The event dominated a significant period of the winter season, and was likely responsible for the cold winter over North America that year (e.g. [9, 17] ). The work of [9] describes this event in more detail and the 500 hPa heights during the intensification stage of the blocking event which is shown in Fig. 1 . This event was noteworthy as it survived a large-scale flow regime change during early February 2014 (4 th -7 th ), as the Pacific North American (PNA) teleconnection pattern change from positive to negative during early February 2014. Earlier work (e.g. [2, 18] ) suggested that blocking events would not survive a transition in the large-scale flow regime, and [9] showed that, under certain conditions, these events could survive. Additionally, this event is noteworthy for the longevity and persistence.
Examining the block intensity (BI) [12] for this case (Figure 2a ) demonstrated that the block was more intense just following the onset of the event, and then intensified in early February (3 rd -6 th ) near the same time that the phase of the PNA flipped from positive to negative indicating flow regime change. The work of [11] demonstrated the connection between block onset and cyclogenesis, and then [19] demonstrated that rapid height rises, and thus BI, follows upstream cyclogenesis during the mid-life block intensification. Then, BI was markedly less indicating a weaker block until the decay period. The IRE diagnostic also followed a similar evolution during the block lifecycle (Fig.  2b) , with the IRE maximizing during onset, intensification, and termination. Note that during the onset and mid-life intensification periods (Table 1) , both the BI and IRE were higher than greater than that during the block lifecycle. Table 1 also shows that the KolE was also relatively high during these two intensification periods. 
Discussion and Conclusions
The objectives of this study were to determine whether IRE, KolE, and BI provide the same information about the predictability of blocking. A very strong blocking event that occurred in the Pacific Ocean Basin during the winter of 2013-2014 was selected for study to demonstrate the utility of the methods used here. Blocking can develop very rapidly and models often fail to anticipate their onset and/or decay, especially after about ten days [20] . These results corroborate such studies, but also show that mid-life intensification would also be associated with lower predictability. The work here demonstrated that for this blocking event, IRE, KolE, and BI are all relatively high during block onset and intensification. This may be an inherent characteristic of blocking, which indicates that we can expect limited progress in blocking predictability based on today's understanding of these events as well as the modeling currently available to the community. The next step would be to study several blocking events and examine the behavior of BI, IRE, and KolE, and examine the ability of models to capture the evolution of BI during a forecast period.
